Ketogenic diets are high in fat and low in carbohydrates, and have long been used as an anticonvulsant therapy for drug-intractable and pediatric epilepsy. Additionally, ketogenic diets have been shown to provide neuroprotective effects against acute and chronic brain injury, including beneficial effects in various rodent models of neurodegeneration. Huntington's disease is a progressive neurodegenerative disease characterized by neurological, behavioral and metabolic dysfunction, and ketogenic diets have been shown to increase energy molecules and mitochondrial function. We tested the effects of a ketogenic diet in a transgenic mouse model of Huntington's disease (R6/2 1J), with a focus on life-long behavioral and physiological effects. Matched male and female wild-type and transgenic mice were maintained on a control diet or were switched to a ketogenic diet fed ad libitum starting at six weeks of age. We found no negative effects of the ketogenic diet on any behavioral parameter tested (locomotor activity and coordination, working memory) and no significant change in lifespan. Progressive weight loss is a hallmark feature of Huntington's disease, yet we found that the ketogenic diet-which generally causes weight loss in normal animals-delayed the reduction in body weight of the transgenic mice. These results suggest that metabolic therapies could offer important benefits for Huntington's disease without negative behavioral or physiological consequences.
Introduction
Huntington's disease (HD) is a heritable fatal disease caused by expansion of the glutamine (CAG) repeat region in the huntingtin protein [1] . The progressive motor dysfunction and cognitive/affective degradation were described over 125 years ago [2] and in the central nervous system, the mutated huntingtin protein causes neurodegeneration in the caudate, putamen and, to a lesser extent, the cerebral cortex. Huntingtin is expressed widely in the body, however, and peripheral effects of HD include a loss of body weight due to wasting of skeletal muscle and adipose tissue [3] . This weight loss occurs despite an elevated appetite and elevated caloric intake. Both the central and peripheral symptoms of HD are progressive.
Though not a mitochondrial disorder per se, like other neurodegenerative disorders HD is associated with mitochondrial and energy metabolism defects. Numerous clinical studies of HD have found impaired energy metabolism in brain and skeletal muscle [4] , deficits in ATP synthesis in skeletal muscle [5] , reduced activity and/or levels of mitochondrial electron transport chain components in the brain (particularly in the caudate and putamen) [6] , increased oxidative stress [7] , and abnormal mitochondrial calcium sensitivity and membrane potential [8] . Thus, treatments that target mitochondrial dysfunction or augment mitochondrial function might be helpful in HD.
The ketogenic diet (KD) is a high fat, low carbohydrate regimen that shifts the body's main energy source from glucose to ketone bodies, and thus mimics metabolic changes found during fasting. Ketogenic strategies are used as treatments for drug-refractory and pediatric epilepsy and they have been used clinically continuously for more than 90 years; nevertheless mechanistic information remains ill-understood [9] . Ketones are an alternate source of acetyl-coenzyme A for the tricarboxylic acid cycle, and ATP is produced from them more efficiently than from pyruvate (the final step of glycolysis and the normal major source of acetyl-coenzyme A) [10] . Evidence is accumulating that ketogenic diets are effective against neural degeneration produced by various insults, including traumatic brain injury [11, 12] , cerebral ischemia and hypoglycemia [13] [14] [15] , mutated superoxide dismutase associated with amyotrophic lateral sclerosis [16] , catecholaminergic neurotoxins [17, 18] , and excitotoxins [19] . In some studies, treatment with ketones themselves (β-hydroxybutyrate, acetoacetate, acetone) protects against degeneration from these insults (for instance, [20, 21] .
Ketogenic diets increase cellular energy levels and enhance mitochondrial function. Brain and muscle cells from KD-fed rodents have increased numbers of mitochondria, determined by histology or by proxies for number of mitochondria such as mitochondrial DNA content [22] [23] [24] , as well as increased levels of high energy molecules [22, [25] [26] [27] . Mitochondrial respiration is increased [28] as is the expression of a number of mitochondrial proteins/genes [22, 28, 29] . The KD reverses age-related decrements in mitochondrial number and function [30] [31] [32] , and is used to treat clinical and experimental mitochondriopathies [23, [33] [34] [35] [36] . In mitochondria, the KD also diminishes oxidative stress [28, 32, [37] [38] [39] . Therefore, some aspects of neuroprotection offered by a KD might relate to the promotion of mitochondrial function and augmentation of high energy molecules.
Given that the KD offers neuroprotection, we hypothesized that it might reduce or delay some of the progressive central and peripheral symptoms of HD. Any promising HD therapy would need to demonstrate that it does not worsen motor or cognitive functions, and does not shorten lifespan. Using male and female littermates that were wild-type (WT) or HD transgenic mice (R6/2 1J) we measured the effects of chronic ad libitum feeding of a control diet versus a KD on locomotor activity and coordination, working memory, and body weight at multiple time points across the lifespan, as well as lifespan itself.
Methods

Subjects and diet protocols
Male and female WT and R6/2 1J mice were used for these studies. The R6/2 1J mouse strain is a transgenic model of HD made by insertion of the mutation-bearing exon of human huntingtin [40] . Mice were bred at Trinity College from breeding pairs purchased from Jackson Laboratories (stock #002810; Bar Harbor, Maine, USA). At weaning (~21 d of age), all pups were tail-biopsied for in-house genotyping by standard techniques, and CAG repeat length analysis of transgenic mice was performed by Laragen (Los Angeles, California, USA); transgenic mice in this study had 172 ± 7 repeats (mean ± standard deviation). Weaned pups were housed in same-sex sibling cohorts (typically containing both wild-type (WT) and transgenic animals), and given a standard rodent pellet diet (Purina 5001) and water ad libitum until 6 wk of age. Water bottles were equipped with long, angled spouts to accommodate motor-impaired transgenic mice. Cages were supplied with wood chip bedding, cotton nesting material and plastic tubes and domes for enrichment. Mice were weighed regularly from 4 wk of age until the end of the experiment. Death dates of R6/2 1J mice were recorded; no WT mice died except at sacrifice. A subset of mice were not included in behavioral tests but were part of the lifespan analysis component of this study. Although females were likely vaginally patent by 4 wk of age, mice at this age are not fully sexually mature and are noted for irregular cycling. Therefore, we did not monitor estrus cycle in females. Also, testing times were assumed to occur randomly in relation to cycle stage across the many female squads, thus any experimental effects of diet and the transgene are unlikely to have been influenced by cycle stage.
At 6 wk of age, approximately half of the mice were changed to a KD (8% protein, #F3666; Bio-Serv, Frenchtown, New Jersey, USA). Both diets were provided ad libitum on the wire cage lid as well as in a dish on the cage floor. Also beginning at 6 wk of age, mice remaining on the control diet (CD) were provided with mash (water-softened pellet diet; provided in a dish in addition to normal pellets on the wire cage lid) to accommodate motor-impaired R6/2 1J mice. The KD is a soft formulation and was replaced daily on the wire cage lid and in a dish on the cage floor. Spontaneous alternation and locomotor activity were tested one day after Rotarod testing using a custom Y-maze. The Y-maze consisted of three equidistant 45× 10 cm arms with 21 cm-high walls surrounding a triangular center. Animals were habituated in the testing room for 30 min. Testing began once the animal was placed into the start arm and continued for 5 min; the order of arm entries was recorded. Total entry number was used as a measure of locomotor activity. Spatial working memory was measured by the percentage of possible spontaneous alternations (sequential entry into all three arms). As the maximum number of groups of three in a series is n − 2, the percent spontaneous alternations is calculated as (number of spontaneous alternations/(total number of arm entries − 2)) ⁎ 100. Data from mice that had two or fewer arm entries were not used for working memory analysis.
Physiological measures
As noted above, lifespan was recorded and body weights were measured regularly. A subset of mice from all groups, of which behavioral testing and body weights were not included in the overall analyses, were sacrificed at 12 wk of age for blood ketone (β-hydroxybutyrate) measurement. In addition, all WT mice were sacrificed at 16 wk of age for ketone measurement. Trunk blood was collected into ethylenediaminetetraacetic acid-containing tubes and centrifuged for plasma isolation. Plasma β-hydroxybutyrate was measured with a Precision Xtra monitor and ketone test strips (Abbott Laboratories, Abbott Park, Illinois, USA).
Body weight and behavioral data were assessed by two-way analysis of variance of the factors diet and time, and/or genotype and time, with Newman-Keuls post-hoc comparisons. Due to the progressive nature of the peripheral and central symptoms, effects of the time factor were common in the analyses, but were omitted from the Results for brevity and clarity. Plasma ketone levels were assessed with one-way analysis of variance or t-test. Lifespan was assessed by Kaplan-Meier log rank analysis, with Holm-Sidak posthoc comparisons. Data are presented as mean ± standard error.
Results
Physiology
Body weights of male and female transgenic R6/2 1J mice fed either CD or KD rose along with those of WT mice in the earliest weeks after the diet protocol started (6 wk) then slowed their rate of increase and began to decrease until death several weeks later. The KD, however, modified this pattern significantly by delaying the onset of weight loss in transgenic mice ( Figs. 1 and 2 ). In females, CD-fed transgenic body weight dropped significantly below CD-fed WT body weight starting at 8.5 wk of age (Fig. 1) . The corresponding effect in KD-fed females did not take place until 11 wk of age. Similarly, in males KD feeding delayed the onset of weight loss from 9 until 11 wk of age (Fig. 2) . Thus the KD resulted in female and male R6/2 1J mice retaining body weight for an additional 2.5 and 2.0 wk, respectively.
Plasma β-hydroxybutyrate levels were expectedly low in all CDfed mice, but were elevated greatly in KD-fed mice of both genotypes, and significantly more so in transgenic mice (Table 1 ). These data show that KD-induced ketosis was maintained throughout the length of the experiment. The large sample size of the WT groups at 16 wk of age allowed analysis of a sex effect, and KD-fed female WT mice were found to have significantly higher β-hydroxybutyrate levels than male WT mice (1.63 ± 0.10 mM versus 1.13 ± 0.11 mM, p b .01; data not shown).
Consistent with previous reports [40] [41] [42] , most transgenic mice died between 12 and 16 wk of age. Analysis of survival curves indicated that there was a significant overall effect of treatment groups, although effects were subtle and post hoc comparisons did not reach significance (Fig. 3 ). There were trends for earlier male mortality (as found in some prior reports: [41, 43] ), regardless of diet treatment. There was a trend for the KD to reduce lifespan in females, but not males (Fig. 3) .
Behavior
Motor coordination on the accelerating Rotarod was not different between WT and R6/2 1J at 4 wk of age. It was impaired significantly in transgenic animals by 6 wk of age and degraded steadily thereafter (Fig. 4) . KD treatment neither alleviated nor worsened this progressive impairment significantly. In WT males, however, KD treatment enhanced motor coordination at some time points. This effect was not seen in WT females (Fig. 4) .
Male and female transgenic mice generally locomoted less during exploration in the Y-maze test. This was evident in females by 4 wk of age, and the decreased locomotor activity became robust in both sexes at 12 wk of age (Fig. 5) . KD treatment neither alleviated nor worsened this impairment significantly in the R6/2 1J mice. In WT males, however, KD treatment promoted locomotion at 8 and 12 wk of age; this effect was gone by 16 wk of age, and was not found in WT females (Fig. 5) .
We found sex differences in spatial working memory in the R6/2 1J mice, as measured by spontaneous alternation in the Y-maze, and the effect of KD on working memory also differed between males and females. Male R6/2 1J mice had poor working memory in the Y-maze test which was evident starting at the first time point tested (4 wk). Female transgenic mice did not demonstrate significantly impaired working memory until 12 wk (Fig. 6) . Feeding with KD did not alter working memory in R6/2 1J males, but completely reversed the impairment found at 12 wk in R6/2 1J females. KD treatment had no effect on working memory in WT mice of either sex (Fig. 6) . 
Discussion
Here we report the effects of a KD on body weight, lifespan, locomotor behaviors and working memory in the R6/2 1J mouse model of HD. Overall, there were no adverse effects and some positive effects of the KD. There was no significant change in lifespan, no decrement in working memory, and no loss of motor activity or coordination in transgenic mice fed a KD vs. a control diet. Rather, there was a delayed onset of significant weight loss, a clinically relevant endpoint found consistently in male and female R6/2 1J mice, and reversal of a working memory deficit in females. In addition, we describe a novel sex disparity in working memory in R6/2 1J mice, and a KD-related promotion of motor function in male wild-type (WT) mice.
Apart from motor problems, progressive weight loss is a striking symptom of HD. Persons with HD have higher calorie intake but lower body weight and muscle and fat mass [44, 45] , even early in the disease process [46] . Slow HD progression is related to higher body weight [47] , and thus maintaining weight is important; some patients die from nutritional deficiencies [48] . In this study, the delayed onset of progressive weight loss (delayed by 2-2.5 wk) is particularly striking: KD treatment was started at 6 wk, and R6/2 1J animals in this study died on average at 14 wk of age. Therefore, an additional 2-2.5 wk of maintained body weight is a substantial portion of the timeframe of disease progression in this mouse model of HD. Here, while a KD alleviated weight loss, the prolonged weight maintenance did not translate to extended lifespan.
Cognitive problems in HD are a major contributor to disability early in disease progression [49] , and include working memory deficits [50, 51] . Concerning working memory in animals, spontaneous alternation is impaired in R6/1 mice [52] , and deficits in rewarded alternation are found in R6/2 mice and a transgenic rat HD model [42, 53, 54] . Thus, working memory is impaired by mutant huntingtin. Whereas prior studies have found effects on alternation, these have rarely investigated males and females separately. Our study showed a strong impairment in R6/2 1J males, which was unaffected by the KD, and a mild impairment in R6/2 females, which was reversed by the KD. Our finding is a novel sex disparity in the R6/2 strain. The present results are encouraging in that we found no adverse effects and some positive effects on cognitive function. Clinical studies of Huntington's disease patients in which men and women are analyzed separately for working memory problems (and weight loss) should be encouraged.
We did not find any significant effects of the KD on locomotor activity in the R6/2 1J mice-there was no worsening of motor and locomotor deficits. Overall this is a positive result-motor problems are severely disabling to HD patients (and to this mouse model of HD). A worsening of motor problems would not be tolerated in any emerging HD therapy or treatment strategy.
It should be noted that the transgenic mouse and the KD used in this study were quite stringent-a severe genetic model and a highly restrictive diet formulation. The transgenic R6/2 1J mice have a high CAG repeat length. To compare to humans, a CAG repeat length over 39 produces HD (over~55 is considered severe, and higher CAG repeat length corresponds with an earlier onset [55, 56] ). R6/2 1J mice exhibit a dramatically progressive deterioration until a very premature death, usually before 16 wk of age [40] , consistent with our observations. Coupled with the severity of this transgenic mouse model, the KD formulation used here is stricter than the most common clinical formulas, but is used often for research. Even though the KD was fed ad libitum, it contains a N6:1 ratio of fat:(carbohydrate + protein). For comparison, a typical clinical application of a KD is no higher than a 4:1 ratio, but could be as low as 2:1. Nevertheless, using this severe mouse model/strict diet combination we found no worsening of progressive cognitive and locomotor effects induced by weeks of age Fig. 3 . Survival curves for all R6/2 1J transgenic mouse groups. Although there was a trend for females and males on the KD to die earlier than on the CD, and a general trend for males to die younger than females, none of these effects reached significance. Female CD n = 20; female KD n = 17; male CD n = 25; male KD n = 17. Overall log rank Z = 17.3, p b .001. Post-hoc p values and multiple comparison-adjusted critical levels are given in the inset table; p values must be lower than the corresponding critical p level to be considered significant in the Holm-Sidak test.
Male
weeks of age the transgene and found positive effects on working memory and body weight.
In addition to novel findings of the KD in the R6/2 1J model of HDsome effects were consistent between males and females and others only in females-we found novel sex-dependent effects of the KD in the WT mice. Increased locomotion and Rotarod performance were observed in male WT mice at some time points. Prior studies suggest that the KD produces locomotor hypoactivity initially in male mice, which switches to hyperactivity by 4 wk of diet treatment [57, 58] . Our study shows that hyperactivity appears by 2 wk of diet treatment, and that it is restricted to males. Motor coordination was also enhanced in KD-fed WT male mice at some time points. The lack of KD-related increased locomotor activity or enhanced motor coordination in females was not due to lower ketosis (in fact, higher blood ketones were measured in KD-fed WT females vs. WT males). Also, the lack of KDenhanced locomotor activity or coordination in male transgenic mice was not due to lower ketosis (KD-fed R6/2 1J had higher plasma ketones than WT). The mechanism of the stronger ketosis in the transgenic mice remains speculative, but presumably are likely to relate to the mechanisms that produce the striking cachexia in these mice.
Given its clinical use, which appears to be increasing and broadening beyond its initial use in epilepsy, more work on the effects of KD on behavior and cognition is needed. Reported cognitive effects of the KD in animal models range from positive [59, 60] to negative [61, 62] to a majority reporting no significant effects as in our WT mice (for instance [63] [64] [65] ). Some of these disparities are likely due to the use of differing tasks, species, or diet treatment length. Yet it seems clear that a KD does not indiscriminately impair cognitive function. Reported effects of the KD in non-epileptic humans are also mixed: one study found a transient, moderate impairment in one of three cognitive tasks present at 1 wk of diet treatment but not at later time points [66] . Yet two other studies examining chronic KD treatments reported improved processing speed and working memory lasting up to one year [67, 68] . In general, characterizing the relationship between a KD and cognition is vital, particularly as its main target group is pediatric patients. Based on this study we are unable to determine how the KD delays weight loss or reverses mild cognitive deficits in this mouse model of HD. However, the diverse evidence for improved mitochondrial function and levels of high energy molecules, corresponding to similar energy-related deficits in HD, make these mechanisms likely candidates. Other neuroprotective mechanisms associated with a KD are increased purines, particularly adenosine, and decreased oxidative stress [9, 25, 28] . Ultimately a combination of these mechanisms mobilized by a KD could delay progression of a neurodegenerative disease. The present results are particularly promising in that even using a severe transgenic model (with high CAG repeat length and rapid disease progression) and a very strict KD we did not see any detrimental effects. The positive effects observed here (particularly on body weight) might be even more significant, or found at more time points, and additional positive effects might emerge with a more clinically-relevant combination-i.e. a less severe HD model and a more liberal KD formulation. Additional research into the benefits of metabolic therapy in HD should parallel the extension of the usefulness of this emerging therapy into a host of disorders, such as epilepsy, cancer, pain and brain injury.
